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When a turn off is a turn on
Pathogenic bacteria express distinct sets of genes at different stages
in their life cycles; inappropriate expression of normally repressed
genes during host colonization can interfere with bacterial survival.
Bacterial pathogens vary their phenotypic properties in
response to environmental signals. This enables them to
optimize their interactions with their hosts, and thereby
to establish productive infections. The activation of spe-
cific genes in response to particular cues has been well
documented experimentally in many microbial systems.
Bacterial adaptation to life inside another living organ-
ism is, however, more complex than simply expressing
genes as their products are needed. It seems obvious that
certain factors would not be required under changing
conditions and their absence, therefore, would not be
missed. It has only recently been demonstrated, how-
ever, that the presence of such factors at inappropriate
times during bacterial colonization can be detrimental
to a successful survival strategy [1].
Inappropriate flagella expression interferes with
colonization
Bordetella are bacteria that infect the respiratory tracts of
a variety of animals, producing a spectrum of symptoms
[2]. Bordetella pertussis causes whooping cough in humans,
and Bordetella bronchiseptica produces kennel cough in dogs
and atrophic rhinitis in pigs. The expression of virulence
factors in Bordetella is controlled by a regulatory system,
BvgAS, that produces two distinct phenotypic phases.
This system is a member of the 'two-component' regula-
tor family, based on the predicted amino-acid sequences
of BvgA and BvgS [3]. By analogy with known activities
of some other two-component regulator pairs, the 'sen-
sor', BvgS, receives a signal from the environment and
then activates the 'regulator' component, BvgA, which is
a modulator of gene expression.
The virulence-activated, or '+' phase of Bordetella is char-
acterized by expression of the virulence-activated genes
(vags), which include those encoding most of the factors
known to be important for pathogenesis, including adhe-
sins and toxins. The virulence-repressed, or '-' phase is
defined by the absence of the vag-encoded products, and
by the expression of virulence-repressed genes (vrgs). In
B. bronchiseptica and B. pertussis, the vrgs encode compo-
nents of flagella, the organelles used for motility, and a
number of outer membrane proteins, respectively [4,5].
In a recent series of elegant experiments, Akerley, Cotter
and Miller [1] have shown that concurrent expression in
B. bronchiseptica of flagella ('-' phase factors) and '+' phase
factors inhibits colonization in an animal model of infec-
tion. The virulence defect can be rescued by deleting the
gene encoding flagellin, the flagellar structural subunit [1].
These results indicate that expression of particular genes
interferes with virulence, and thus that these genes must
be repressed in order to establish a successful infection.
There are numerous possible explanations for these find-
ings. The colonization defect might be an indirect effect
of inappropriate flagella expression. The synthesis and
assembly of flagella on the cell surface requires many genes
and a large investment of energy. The virulence defect
might be due to misplaced expenditure of energy on fla-
gella production, which might be expected to decrease
the bacterial growth rate. Although this hypothesis has not
been addressed in vivo, mutants that grow more slowly in
vitro do not display a colonization defect ([6]; B. Akerley
and J. Miller, personal communication).
Alternatively, the presence of flagella on the cell surface
might interfere with expression or function of other
secreted or membrane-bound virulence determinants. In
the case of Salmonella typhimurium, it has been suggested
that flagella can sterically hinder functions important for
invasion [7]. Akerley's work indicates that the antigenic
profiles of wild-type and REV1 - the flagella-expressing
'+' phase strain - B. bronchiseptica are roughly similar;
the possibility remains, however, that the activity or
expression of one or more particular cell-surface con-
stituents is hindered by the flagella. Alternatively, the fla-.
gella could stimulate an immune response that results in
clearing the bacteria from the host. Lastly, perhaps the
most intriguing hypothesis is that motility, conferred by
the flagella, during the '+' growth phase is detrimental.
Bacterial motility and pathogenesis
The role of motility and flagella in host colonization has
been a subject of much interest and investigation. In at
least one case, motility per se seems to be necessary [8]. In
several organisms, however, the role of motility remains
controversial, probably reflecting complex requirements
for movement and stillness, or for the lack of flagella at
particular points in the infectious process, as well as dif-
ferences in strains and model systems. Intriguing results
bearing on this issue have emerged from recent studies
of both S. typhimurium and Vibrio cholerae. Both of these
organisms are human pathogens: S. typhimurium causes
gastroenteritis, and V cholerae causes cholera.
S. typhimurium uses an elaborate regulatory cascade to
control flagellar synthesis and hence motility [9]. The pro-
duct of the flgM gene controls the relative levels of com-
ponents required late in the process of flagellar assembly
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by inactivating the flagellin-specific sigma factor, FiA
(sigma factors are promoter-specificity-determining RNA
polymerase subunits) [10]. Schmitt and colleagues obser-
ved that a transposon insertion in flgM decreases both
virulence in mice and survival in macrophages [11]. Fur-
thermore, this phenotype can be reversed in a strain that
contains a transposon insertion in the sigma factor gene
fliA [11], or infliC, one of the fiagellin genes (C. Schmitt
and A. O'Brien, personal communication). This result is
analogous to that of Akerley et al. [1] (Fig. 1): although
the regulatory mechanisms are different, in both cases
untimely expression of flagellin genes results in a viru-
lence defect. Interestingly, a mutation in the second fla-
gellin gene fljB) does not rescue the attenuated pheno-
type conferred by a flgM disruption (C. Schmitt and A.
O'Brien, personal communication). This may indicate
that the FliC and FljB flagellins play different roles in vivo.
Gardel and Mekalanos have made some intriguing obser-
vations which suggest that the expression of V cholerae
virulence factors can be influenced by the motile state
of the bacterium. They isolated 44 non-motile mutants
(representing two genes) and found that, in these strains,
production of two virulence factors, cholera toxin and
the toxin-coregulated pilus, is enhanced (C. Gardel and J.
Mekalanos, personal communication). One of the mutants
contains a transposon insertion in motB, which encodes
part of the flagellar motor; motB mutants are non-motile,
yet still produce flagella. If the motB insertion is the only
defect in the mutant, the observation implies that lack of
flagellar rotation is sufficient to signal the cell to produce
more toxin and pili.
Notably, synthesis of these V cholerae virulence factors is
regulated by ToxR, a member of the same family of regu-
lator proteins as BvgA; toxR null mutants are hyper-
swarmers, extending the correlation between motility
and synthesis of virulence factors (C. Gardel and J. Meka-
lanos, personal communication). Multiple layers of regu-
lation emerge: ToxR appears to suppress motility and to
induce synthesis of cholera toxin and toxin-coregulated
pilus; in addition, lack of flagellar rotation may increase
the levels of these ToxR-regulated products. Perhaps this
reflects an increased requirement for cholera toxin and
toxin-coregulated pilus during the period of time after
V cholerae cells have finished using their flagella to arrive
at a particular location (see below).
Why have these bacteria maintained such an extensive
and energetically expensive motility apparatus if it is
detrimental to colonization and/or production of viru-
lence factors? In Bordetella, the virulence-repressed genes
are expressed at 25 C but not at 37 C, so it has been
proposed that they are required for survival in the low
temperature environment outside animal hosts, and are
not expressed in vivo [2]. Indeed, B. bronchiseptica strains
bearing mutations in genes that encode positive regula-
tors of flagellar synthesis or flagellin itself are fully viru-
lent, indicating that flagella are not used inside thc animal
[1]. Consistent with this conclusion is the observation
Fig. 1. Inappropriate expression of flagella confers a virulence
defect. (a) In wild-type organisms, flagellar expression is tran-
scriptionally repressed via the BvgAS system (B. bronchiseptica)
or by the anti-sigma factor FlgM (S. typhimurium). These bacteria
are virulent. (b) Mutant strains overexpressing flagella are less
virulent. In the B. bronchiseptica REV1 mutant, the frlr mutation
leads to inappropriate simultaneous expression of flagella and '+'
phase factors. In the S. typhimurium mutant, an insertion in flgM
deregulates the activity of FliA, leading to overexpression of fla-
gella. (c) The deletion or interruption of flagellin genes rescues
the attenuated virulence phenotype. Stippled lines indicate that
there are additional steps that are not depicted.
that antibodies against the flagella are not made by the
host in response to infection with wild-type organisms,
although B. bronchiseptica flagella have been shown to
be immunogenic [1]. It is possible, however, that these
organelles are expressed in a sheltered site within the
host, where the bacteria are invisible to the immune sys-
tem, or at stages later than those assayed in the rat or
rabbit model systems [1,6]. The Bvg '-' phase could thus
play a role in persistence or host-to-host transmission.
In contrast, it has been suggested that V cholerae uses
its flagella early in infection to swim through the mucus
gel in the intestinal lumen and gain access to the epithe-
lial surface of the small intestine [12]. Once there, the
bacterium would attach to the epithelium and increase
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expression of other cell-surface and secreted proteins,
such as toxin-coregulated pilus and cholera toxin, allow-
ing the bacteria to enter the next phase of productive
colonization. A similar role for motility in Salmonella
pathogenesis has been proposed [7,13]. It is clear that
more precise assays are required in order to evaluate ade-
quately the role of motility in virulence. In addition,
mutants which are constitutively motile or non-motile
may not be flexible enough to allow a detailed examina-
tion of this phenomenon; using recombinant genes that
can be induced at particular times in vivo may be useful
in this regard.
Some 'repressed' proteins are required for virulence
The strategy of using two-component systems to regu-
late the expression of two sets of genes in a reciprocal
fashion seems to be conserved among a number of
pathogens. The mechanism of repression by these regu-
lators is not understood. In contrast to flagellin genes in
B. bronchiseptica, 'repressed' loci in other organisms seem
to be required for virulence ([14,15] and M. Waldor and
J. Mekalanos, personal communication). As mentioned
above, in B. pertussis, the expression of a number of
outer membrane proteins is down-regulated in the viru-
lence-activated state [5]. One of these, the vrg-6 gene
product, appears to play a role in pathogenesis, as a vrg-6
null mutant is less able to proliferate in the trachea and
lungs of infected mice than wild-type B. pertussis [14].
In contrast, BvgAS-constitutive ('+' phase-locked) B.
bronchiseptica mutants are completely virulent [6]. Al-
though these two Bordetella species share almost identical
BvgAS regions, they appear to utilize BvgAS-mediated
repression in different ways.
Several virulence-repressed genes have been identified in
S. typhimurium. Transcription of these genes, and a num-
ber of other virulence factors, is controlled by the two-
component system PhoPQ [16]. A PhoP-constitutive
mutant is attenuated for virulence and for survival in
cultured macrophages [15]. In light of the results of
Akerley et al. [1], it is clear that these phenotypes could
be due to inappropriate expression of the PhoP-activated
genes as well as a lack of expression of PhoP-repressed
genes. However, the PhoP-repressed locus prgH does
indeed contribute to pathogenesis: a strain with a trans-
poson insertion in prgH exhibits a defect in signaling
cultured epithelial cells to endocytose bacteria, and a
modest increase in LD5 0 ('lethal dose 50': the dose
required to kill 50 % of infected animals) by both oral
and intraperitoneal infection [17].
Characterization of the S. typhimurium prgH locus has
revealed that it is composed of four genes with products
homologous to proteins in Yersinia enterocolitica and Shi-
gellaflexneri that are required for secretion of specific vir-
ulence proteins [18]. Indeed, prgH strains are significantly
altered in their secreted protein profiles. This observa-
tion, along with the sequence homology, has led Behlau
and Miller [17] to suggest that the prgH locus is involved
in the secretion of many virulence proteins. Secretion is
thought to be required for surface expression of factors
necessary for host entry [19]. The prgH locus maps to a
chromosomal location that is rich in genes required for
epithelial cell invasion, and many of these also encode
polypeptides homologous to secretion proteins of Shigella
and Yersinia; these factors are also related to flagellar-
assembly proteins. Interestingly, a number of these genes
are PhoPQ-controlled (C. Lee, personal communica-
tion), and one wonders whether this control might be
mediated by prgH. Unfortunately, the story is unlikely to
be simple and satisfying, as mutations in many of these
genes cause invasion defects much stronger than those
conferred by a mutation in prgH.
Successful pathogens must respond to changing environ-
ments and perform specific tasks at every stage of infec-
tion. Recent results show that this demanding life style
requires exquisite control; expression of a particular gene
at the wrong time is detrimental, even though members
of the same class of genes are necessary at different points
in the microbial life cycle. Bacteria have reminded us that
size does not determine sophistication and subtlety.
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